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Methy l  r e d u c t a s e  i s  t h e  enzyme o f  methanogenic b a c t e r i a  t h a t  c a t a l y z e s  t h e  
two-e lect ron r e d u c t i o n  o f  t h e  me thy l  group o f  2 - (me thy1 th io )e thanesu l fon i c  a c i d  
(methyl-S-CoM) t o  methane and HS-CoM (1,2). The me thy l  group o f  methyl-S-CoM 
u l t i m a t e l y  comes f r o m  t h e  s i x - e l e c t r o n  r e d u c t i o n  o f  CO by hydrogen, which a l s o  
p r o v i d e s  t h e  r e d u c i n g  e q u i v a l e n t s  needed by me thy l  red6ctase.  The n a t u r e  o f  t he  
c a t a l y t i c  s i t e  o f  m e t h y l  reductase i s  o f  c u r r e n t  i n t e r e s t  f rom the  p o i n t  o f  v iew 
o f  deve lop ing  b i o m i m e t i c  C1  c h e m i s t r i e s  d i r e c t e d  toward methane syn thes i s  and 
a c t i v a t i o n .  I n  p a r t i c u l a r ,  Sandia i s  u s i n g  m o l e c u l a r  g r a p h i c s  and energy 
o p t i m i z a t i o n  techn iques  t o  des ign  macromolecular  c a t a l y s t s  t h a t  mimic the  
s t r u c t u r e  o f  s i t e s  o f  p r o t e i n s  t h a t  c a r r y  o u t  C chemis t r y .  The goal  i s  t o  
produce c a t a l y s t s  whose f u n c t i o n  i s  t h e  o x i d a t i h n  o f  l ow  mo lecu la r  we igh t  
hydrocarbon gases t o  genera te  l i q u i d  f u e l s  o r ,  a l t e r n a t i v e l y ,  t h e  r e d u c t i o n  o f  
abundant i n o r g a n i c  resources  such as CO t o  genera te  gaseous f u e l s .  
U n f o r t u n a t e l y ,  t h e  c a t a l y t i c  s i t e s  o f  mgny o f  t h e  enzymes o f  i n t e r e s t ,  e. g .  
me thy l  reduc tase  and methane monooxygenase, have n o t  been c h a r a c t e r i z e d  by X-ray 
c r y s t a l  1 og raphy and o t h e r  s t r u c t u r a l  techniques . 

Wi th  t h e  goa l  o f  l e a r n i n g  more about  t h e  s t r u c t u r e  o f  one o f  t hese  n a t u r a l l y  
o c c u r r i n g  s i t e s  o f  C c h e m i s t r y ,  we have ob ta ined  t h e  f i r s t  resonance Raman 
s p e c t r a  o f  t h e  n i c k e i - m a c r o c y c l e ,  c a l l e d  F ( 1  i n  F i g u r e  l ) ,  a t  t h e  s i t e  o f  
c a t a l y s i s  i n  m e t h y l  reduc tase  (3) .  
s p e c t r a  o f  t h e  enzyme we have a l s o  ob ta ined  Raman s p e c t r a  o f  s o l u t i o n s  o f  t h e  
m a j o r  forms o f  F 
77 O K  and a l s o ,  @ 8 e r  s i m i l a r  s o l u t i o n  c o n d i t i o n s ,  s p e c t r a  o f  a n i c k e l - c o r p h i n o i d  
d e r i v a t i v e  ( 2  i n  F i g u r e  1 )  t h a t  i s  r e l a t e d  t o  F430 (3-5). 
s p e c t r a  o f  t h e  model n i c k e l - c o r p h i n o i d  2, t h e  F Raman s p e c t r a  c h a r a c t e r i z e  the  
c o o r d i n a t i o n  geometry  o f  t h e  n i c k e l ( I 1 )  i o n  i n  f 3 0  complexes i n  c o o r d i n a t i n g  and 
non-coord ina t i ng  s o l v e n t s .  
conce rn ing  macrocyc le  r u f f l i n g  i n  t h e  s o l u t i o n  complexes. A l though some 
conc lus ions  about  t h e  F s i t e  i n  me thy l  reductase can be made, the  s t r u c t u r e  o f  
F i n  t h e  p r o t e i n  envf?8nment i s  u n i q u e l y  d i f f e r e n t  f rom F430 and t h e  F430 
mif i81 compound i n  t h e  s o l u t i o n s  we have i n v e s t i g a t e d .  

To hel;f38s s t r u c t u r a l l y  i n t e r p r e t  t h e  Raman 

( s a l t - e x t r a c t e d  and c y t o s o l - f r e e )  a t  room temperature and a t  

By analogy w i t h  t h e  

I n  a d d i t i o n ,  t he  s p e 8 P a  g i v e  some i n f o r m a t i o n  

M a t e r i a l s  and Methods 

Methy l  reduc tase  was prepared and p u r i f i e d  as desc r ibed  p r e v i o u s l y  ( 6 ) .  
F was i s o l a t e d  i n  two forms. Free F was i s o l a t e d  f rom t h e  c y t o s o l  by 
m8Rods d e s c r i b e d  b e f o r e  ( 7 ) ;  F 
l i t h i u r n b r o m i d e  p rocedure  ( 6 ) .  41Re s t r u c t u r e  1 o f  s a l t - e x t r a c t e d  F 
determined ( 8 )  and i s  shown i n  F i g u r e  1. 
t o  F 
P f a l f j !  and A. F l s s l e r  ( 9 ) .  

10 mM phosphate a t  pH 7 were used f o r  o b t a i n i n g  resonance Raman spec t ra .  
o f  l i q u i d  s o l u t i o n s  were o b t a i n e d  u s i n g  a c y l i n d r i c a l  c e l l  p a r t i t i o n e d  i n t o  t w o  
compartments. 
r o t a t i n g  t h e  c e l l  a t  100 Hz so t h a t  t h e  two sample s o l u t i o n s  were a l t e r n a t e l y  
probed by t h e  l a s e r  r a d i a t i o n .  The Raman d i f f e r e n c e  i n s t r u m e n t a t i o n  used f o r  

was !%o e x t r a c t e d  f rom t h e  holoenzyme u s i n g  a 
has been 

A n i c k e l - c o r p h i n o i d  d e r i v % f v e  r e l a t e d  
and shown i n  2 o f  F i g u r e  1 was k i n d l y  p r o v i d e d  by A. Eschenmoser, A. 

Samples o f  each chromophore ( 2 - l O ~ l O - ~  M)  i n  aqueous s o l u t i o n  b u f f e r e d  w i t h  
S p e c t r a  

The s p e c t r a  o f  two samples were o b t a i n e d  s imu l taneous ly  by 
I 
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d e t e c t i o n  and s e p a r a t i o n  o f  t h e  s p e c t r a  o f  t h e  two samples has been d e s c r i b e d  
p r e v i o u s l y  (10). 
smoothed spec t ra .  
frequency of t h e  same Raman l i n e  i n  t h e  two s p e c t r a  i s  about 20.3 cm- . 
O c c a s i o n a l l y ,  t h e  s o l u t i o n  o f  F o r  t h e  c o r p h i n o i d  d e r i v a t i v e  was i n  one s i d e  
o f  t h e  c e l l  and t h e  r e f e r e n c e  s f 3 8  con ta ined  o n l y  t h e  n e a t  s o l v e n t .  
o f  t h e  s o l v e n t  Raman l i n e s  c o u l d  then  be a c c u r a t e l y  accomplished l e a v i n g  t h e  
spect rum o f  o n l y  t h e  s o l u t e .  

Raman s p e c t r a  a t  77 "K were n o t  o b t a i n e d  i n  t h e  Raman d i f f e r e n c e  mode, b u t  
s e p a r a t e l y  u s i n g  an EPR dewar w i t h  a t r a n s p a r e n t  t a i l  (Wilmad). The sample was 
con ta ined  i n  a 4 - m  NMR tube  and was f r o z e n  by p l u n g i n g  the  tube i n t o  l i q u i d  N E .  
R e p r o d u c i b i l i t y  i n  t h e  f requency o f  l i n e s  i n  these s p e c t r a  a re  about 1 cm- . 

Peak p o s i t i o n s  were o b t a i n e d  f rom t h e  fas t -Four ie r - t rans fo rm 
For  s p e c t r a  r u n  s imu l taneous ly  t h e  accuracy when cfmpar ing t h e  

S u b t r a c t i o n  

S igna l  averaged Raman s p e c t r a  were o b t a i n e d  us ing  the  441.6-nm l i n e  o f  a 
HeCd l a s e r  (Omnichrome) or t he  411.6-nm l i n e  o f  a k r y p t o n  i o n  l a s e r  (Coherent) .  
The s p e c t r a l  r e s o l u t i o n  was 4 cm- . Raman d i f f e r e n c e  s p e c t r a  were o b t a i n e d  u s i n g  
s tandard  90" s c a t t e r i n g  geometry: f o r  s p e c t r a  o f  f r o z e n  s o l u t i o n s  a 
b a c k s c a t t e r i n g  geometry was used. Absorp t i on  s p e c t r a  as w e l l  as i n d i v i d u a l  scans 
o f  t h e  Raman spect rum were used t o  m o n i t o r  sample i n t e g r i t y .  No decompos i t i on  o f  
F430 o r  t h e  n i c k e l - c o r p h i n o i d  model was observed. 

R e s u l t s  

F and the  model n i c k e l - c o r p h i n o i d  complexes have an a b s o r p t i o n  band i n  
t h e  41@840-nm r e g i o n  o f  t h e  v i s i b l e  spect rum ( 9 , l l ) .  
t h e  Raman spect rum u s i n g  441.6-nm o r  413.1-nm l a s e r  l i g h t  i s  near  t h e  v i s i b l e  
a b s o r p t i o n  band and, consequent ly ,  resonance enhancement o f  t h e  Raman s c a t t e r i n g  
occu rs .  I n  t h e  case o f  t h e  enzyme, resonance enhancement o f  t h e  chromophore's 
spect rum p e r m i t s  us t o  s e l e c t i v e l y  probe t h e  m a c r o c y c l i c  c o f a c t o r  w i t h o u t  
i n t e r f e r e n c e  f rom the  Raman spect rum o f  t h e  p r o t e i n  m a t r i x .  S t r u c t u r a l  d e t a i l s  
o f  t h e  F s i t e  i n  t h e  p r o t e i n  can then  be i n f e r r e d  f rom d i f f e r e n c e s  between t h e  
s p e c t r u m 4 8  prote in-bound F 
s o l u t i o n  env i ronments.  
r e g a r d l e s s  o f  t h e  p o s i t i o n  o f  t h e  l a s e r  wavelength r e l a t i v e  t o  t h e  a b s o r p t i o n  
band maximum o f  t h e  p a r t i c u l a r  complex. I n  f a c t ,  t h e  f requenc ies  and i n t e n s i t i e s  
o f  t h e  l i n e s  a re  so s i m i l a r  t h a t  t h e  corresponding l i n e s  i n  each o f  t h e  s p e c t r a  
can e a s i l y  be i d e n t i f i e d  as can be seen i n  F igu res  2-4. The F igu res  show t y p i c a l  
s p e c t r a  o f  s a l t - e x t r a c t e d  F430, c y t o s o l - f r e e  F430, and methy l  reduc tase .  

and a t  77 O K .  

a t  1293, -1380, 1534, and ( f r o m  o t h e r  Raman d a t a  n o t  shown) -1625 cm-'; t h e  
second f o r m  B has l i n e s  a t  h i g h e r  frequencies-1312, -1382, 1555, and 1629 cm-l. 
A t  low tempera tu re  fo rm A d isappears  and o n l y  B remains. 

l i n e s  a t  12@ 1387, 1529, and 1623 cm- 
b u t  d i s t i n c t  f rom t h e  co r respond ing  l i n e s  o f  t h e  A f o rm o f  s a l t - e x t r a c t e d  F . 
There i s  a l s o  some ev idence o f  a smal l  f r a c t i o n  o f  a fo rm w i t h  l i n e s  near  t%%e 
o f  t h e  B f o rm i n  t h e  weak shou lde rs  o f  t h e  h i g h  f requency l i n e s .  A t  low 
tempera tu re  t h i s  f o r m  i s  more fbundant as ev idenced by t h e  appearance o f  l i n e s  a t  
1311, 1378, 1546, and 1616 cm- t h a t  a r e  b a r e l y  n o t i c e a b l e  i n  t h e  room 
tempera tu re  spectrum. There i s  a l s o  ev idencel for  a second fo rm a t  l ow  
tempera tu re  i n  t h e  l i n e s  a t  1292 and 1628 cm- . 
n o t  t h e  same as t h e  one p resen t  a t  room t e m p e r a p r e  because t h e  1529-cm- l i n e  i s  
n o t  p r e s e n t  o r  e l s e  i s  s h i f t e d  t o  near 1546 cm- . 

Therefore,  e x c i t a t i o n  o f  

and t h e  s p e c t r a  o f  F complexes i n  v a r i o u s  
The4SBectra o f  a l l  o f  t h e  cd$lexes a re  somewhat s i m i l a r  

F i g u r e  2 shows t h e  Raman spect rum o f  L i B r - e x t r a c t e d  F a t  room temperature 
Two forms a re  p r e s e n t  a t  room temperature.  4 8 r m  A has Raman l i n e s  

F ree  F a t  room tempera tu re  i s  pyedominant ly  a s i n g l e  form w i t h  Raman 
( F i g u r e  3) .  The f requenc ies  are s i m i l a r  

I t  i s  c l e a r  t h a t  t h i s  fp rm i s  
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The Raman spec t rum o f  me thy l  reduc tase  a t  room temperature i s  markedly  
d i f f e r e n t  f r o m  b o t h  t h e  spect rum o f  s a l t - e x t r a c t e d  F and f r e e  F (Compare 
t h e  s p e c t r a  i n  F i g u r e  4 w i t h  t h e  co r respond ing  s p e c t # j 0 i n  F i g u r e s  g3&d 3.) 
F i r s t ,  t he  Raman l i n e s  a r e  c l e a r l y  much na r rower  t h a n  f o r  t h e  s o l u t i o n  F 
complexes. 
much h i g h e r  t h a n  t h e  c o r r e j p o n d i n g  l i n e s  o f  t h e  F 
1 i n e s  i n  t h e  1280-1400-cm- r e g i o n  o f  t h e  methyl-#&ctase spectrum have 
f r e q u e n c i e s  comparable t o  F430. 

a re  much s m a l l e r  t h a n  observed f o r  F ' n  s o l u t i o n .  I nc reases  i n  t h e  i n t e n s i t y  
o f  t h e  l i n e s  a t  1312, 1553, and 16324~#1-' i n d i c a t e  an enhanced f r a c t i o n  o f  a fo rm 
o f  F430 w i t h  f r e q u e n c i e s  c l o s e s t  t o  those o f  s a l t - e x t r a c t e d  F430 a t  77 OK. 

Second, f requenc ies  o f  t h e  two s t r o n g  l i n e s  a t  1575 and 16534~#1-1 a re  
species.  I n  c o n t r a s t ,  t h e  

D i f f e r e n c e s  between room tempera tu re  and 77-OK s p e c t r a  o f  me thy l  reduc tase  

D i s c u s s i o n  

Fo r  example, t h e  p i c k e l - c o r $ # n o i d  b i s -me than04~?omp lex  has seve ra l  lweak l i n e s  i n  
t h e  1280-1400-cm- r e g i o n  and two s t r o n g  l i n e s  a t  1556 and 1627 cm- (4) .  Thus, 
t h e  f requency o f  t h e  l i n e s  and t h e  i n t e n s i t i e s  a r e  s i m i l a r  f o r  F and the  model 
compound. 
g e n e r a l l y  a good s t r u c t u r a l  model f o r  F430 forms. 

s h i f t  s y s t e m a t i c a l l y  w i t h  i n c r e a s i n g  c o o r d i n a t i o n  numbyr ( 4 ) .  
s e p a r a t i o n  between t h e  two l i r e s  decreases f rom 93 cm- 
spec ie?  ( i n  CH C1 ) t o  84 cm- f o r  a 5-coord inate NCS- complex ( i n  CH C1 ) and t o  
7 1  cm- 
t h a t  a x i a l l y  l i g a t e ,  t h e  6 -coo rd ina te  s e p a r a t i o n  i s  found t o  be 71+3 cm- 
R u f f l i n g  o f  t h e  c o r p h i n a t e  macrocyc le  may a l s o  i n f l u e n c e  t h e  separa t i on  (vide 
i n f r a ) .  

i s  i n d i c a t i v e  o f  coo rd%t ion  number f o r  F 
t h a t  aqueous s a l t - e x t r a c t e d  F 1s  a m i x t i 8  o f  a dominate 6-coordinate-fomplex 
r e f e r r e d  t o  above as spec ies  b ? w i t h  a s e p a r a t i o n  o f  1629 - 1556 = 73 CT ) and a 
m ino r  4 -coo rd ina te  spec ies  A ( w i t h  a s e p a r a t i o n  o f  1625 - 1534 = 9 1  cm- ) .  
Indeed,  t h e  s e p a r a t i o n  v a r i e s  f rom 62-75 cm- f o r  F 6-coord inate complexes i n  
o t h e r  c o o r d i n a t i n g  s o l v e n t s  ( 5 ) .  
h igh -sp in  s p e c i e s  and a 4-coord inate S=O spec ies  i s  suppor ted by t h e  i n t e r m e d i a t e  
v a l u e  found f o r  t h e  magne t i c  moment (2 .0  pB f o r  F430 versus -2.8 f ie  p r e d i c t e d  f o r  
a pu re  S=1 s p e c i e s )  ( 1 2 ) .  

The a x i a l  l i g a n d s  a r e  p r o b a b l y  H O m o l e c u l e s  r a t h e r  than  some component l e f t  
bound t o  F a f t e r  e x t r a c t i o n  f rom t 6 e  p r o t e i n .  
would a c c o i i e  f o r  t h e  e q u i l i b r i u m  m i x t u r e  a t  room temperature.  
e q u i l i b r i u m  s h i f t s  ove rwhe lm ing ly  toward t h e  bis-aquo F430 complex. 

f o r  t h e  sa l t -ex t rac t$ !  form, s i n c e  a t  room tempera tu re  aqueous f r e e  F 43?s 
a lmos t  e n t i r e l y  a 4 -coo rd ina te  form. T h i s  c o n c l u s i o n  i? based on an dagerved 
s e p a r a t i o n  o f  t h e  s t r o n g  h i g h  f requency l i n e s  o f  94 cm- -a va lue  c l o s e  t o  t h e  
s e p a r a t i o n  f o r  t h e  4 -coo rd ina te  model compound 2. By comparison, i n  s t r o n g l y  
c o o r d i n a t i n g  s o l v e n t s  and i n  t h e  presence o f  Cy-, f r e e  F430 conver t s  t o  a 6- 
c o o r d i n a t e  f o r m  w i t h  a s e p a r a t i o n  o f  63-77 cm- 

Raman s p e c t r a  o f  t h e  F forms and t h e  F model compound 2 are  s i m i l a r .  

The s p e c t r a l  s i m i l a r i t i e s  i n d i c a t e  t h a t  t h e  n i c k e l  co8JRinoid 2 i s  

I n  p r e v i o u s  work i t  was no ted  t h a t  t h e  two s t r o n g  h i g h e s t  f requency l i n e s  
Fo r  example, t h e  

f o r  t h e  4-coord inate 

f o r  th6 6Zcoord ina te  MeOH complex. I n  f a c t ,  f o r  a v a r i e t y  o f Z s o f d e n t s  
( 5 ) .  

Sal t - e x t r a c t e d  F Assuming t h a t  t h e  s e p a r a t i o n  o f  t h e  two s t r o n g  l i n e s  
as w e l l  as t h e  model, we p r e d i c t  

The e x i s t e n c e  o f  %3#I ix ture o f  a 6-coord inate 

Water i s  a weak l i g a n d  which 
A t  77 "K t he  

Cy toso l - f ree  F . Water appears t o  be a poo re r  l i g a n d  f o r  f r e e  F t han  

(5). 
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A t  77 0 5  f r e e  F appears t o  be a m i x t u r e  o f  two f o p s  w i t h  l i n e s  a t  1616 
anc111628 cm- . The 4 $ p a r a t i o n s  o f  t h e  1616- and 1628-cm- l i n e s  f rom t h e  1546- 
cm l i n e  a r e  70 and 82 cm- f o r  t h e  two forms. EXAFS and XAS measurements a t  4 
O K  a r e  c o n s i s t e n t  w i t h  f r e e  F ( t h e  same as hea t -ex t rac ted  F ) e x i s t i n g  as a 
m i x t u r e  o f  p redominan t l y  a 4-!88rdinate, r u f f l e d  spec ies  w i t h  288rt Ni-N bonds 
(1.9 A )  and a m i n o r  6-coord inate,  p l a n a r  spec ies  w i t h  l o n g e r  Ni-N bonds ( 2 . 1  A )  
(12). 
cm s e p a r a t i o n  
species would t h e n  be t h e  more abundant 4-coord inate,  r u f f l e d  species.  A 5- 
c o o r d i n a t e  complex i s  u n l i k e l y  f o r  a n i c k e l  c o r p h i n a t e  i n  a c o o r d i n a t i n g  s o l v e n t  
where two a x i a l  l i g a n d s  would be r e a d i l y  a v a i l a b l e  and f o r m a t i o n  o f  t h e  6- 
c o o r d i n a t e  complex would be favored.  A l t e r n a t i v e l y ,  t h e  two species c o u l d  be 
d i f f e r e n t  r u f f l e d  spec ies ,  f o r  example, t h e  two species ob ta ined  by a 90 O 

r o t a t i o n  o f  t h e  sadd le  s t r u c t u r e  r e s u l t i n g  f rom S r u f f l i n g  and i n v e r s i o n  o f  t h e  
h a l f  c h a i r  con fo rma t ion  o f  t h e ' h y d r o p y r r o l i c  r i n g 4  (12,15). 

The Raman d a t a  i s  i n  agreement w i t h  t h i s  r e s u l t .  The s p e c i f s  w i t h  t h e  70- 
s e p a r a t i o n  i s  p robab ly  t h e  c o o r d i n a t e d  species and t h e  82-cm- 

Comparison o f  t h e  F forms. Eschenmoser and coworkers have suggested t h a t  
t h e  s o l e  d i f f e r e n c e  betwdg! f r e e  and s a l t - e x t r a c t e d  forms o f  F 
e p i m e r i z a t i o n  a t  p o s i t i o n s  12 and 13 i n  wh ich  t h e  hydrogen and4&boxyl ic  a c i d  
a t  each p o s i t i o n  exchange p l a c e s  (12 ) .  The s t r u c t u r a l  change a l s o  occurs upon 
h e a t i n g  s a l t - e x t r a c t e d  F o r  upon h e a t - e x t r a c t i o n  o f  F f rom methy l  
reductase.  The 12 ,13 -d i@her  o f  s a l t - e x t r a c t e d  F r e t 8 t s  i n  a c o r p h i n a t e  
s t r u c t u r e  t h a t  can undergo S f o r  s t e r i c  reasons. 
R u f f l i n g  a f f e c t s  a x i a l  l i g a t ? o n  because i t  a l l o w s  t h e  cent?# co re  o f  t h e  
macrocyc le t o  c o n t r a c t  about  t h e  n i c k e l  i o n .  Thus, s a l t - e x t r a c t e d  F i s  more 
c o o r d i n a t i v e l y  u n s a t u r a t e d  a t  t h e  n i c k e l  i o n  as a r e s u l t  o f  i t s  l a rg8g0core  s i z e ,  
and, t h e r e f o r e ,  has a h i g h e r  a f f i n i t y  f o r  a x i a l  l i g a n d s  than  f r e e  F430 wh ich  can 
e a s i l y  r u f f l e .  

The Raman r e s u l t s  a r e  i n  agreement w i t h  t h i s  s t r u c t u r a l  i n t e r p r e t a t i o n .  A t  
room tempera tu re  s a l t - e x t r a c t e d  F i s  m o s t l y  t h e  6-coord inate bis-H 0 complex, 
whereas f r e e  F 
F u r t h e r ,  t h e  f ? $ ? t i o n  o f  s a l t - e x t r a c t e d  F 
spect rum t h a t  i s  d i s t i n c t  f rom 4 - ~ o o r d i p a & ~ ~ f r e e  F 
f rgpuenc ies .  
cm 
rearrangement o f  t h e  s u b s t i t u e n t s  a t  t h e  12 and 13 p o s i t i o n s  o f  t h e  c o r p h i n o i d  
macrocyc le.  

most l i k e l y  a r e s u l t  o f  g r e a t e r  homogeneity a t  t h e  F s i t e  i n  t h e  p r o t e i n  
env i ronment  r e l a t i v e  t o  the  s o l u t i o n  env i ronment  o f  forms. T h i s  
i n d i c a t e s  a v e r y  s p e c i f i c  s t r u c t u r e  f o r  t h e  F430 s i t e  inF'!% p r o t e i n .  

I t  i s  a l s o  c l e a r  f rom t h e  l a r g e  d i f f e r e n c e s  i n  f requency t h a t  t he  
chromophore o r  i t s  env i ronment  i s  un ique  i n  some way. 
r e s u l t  o f  (1) a nove l  c o o r d i n a t i o n  geometry, ( 2 )  an unusual c o r p h i n a t e  l i g a n d  
conformat ion,  o r  ( 3 )  a d i f f e r e n c e  between t h e  s t r u c t u r e  o f  t h e  chromophore's 
p e r i p h e r a l  s u b s t i t u e n t s  i n  t h e  n a t i v e  p r o t e i n  and a f t e r  s a l t  e x t r a c t i o n .  We have 
observed t h a t  no oxygen, s u l f u r ,  o r  n i t r o g e n  l i g a n d  complex has come c l o s e  t o  
g i v i n g  t h e  f requenc ies  observed f o r  t h e  two s t r o n g  h i g h  f requency l i n e s  o f  me thy l  
reductase.  The s e p a r a t i o n  o f  (1653 - 1575 =) 78 cm- f o r  methy l  reduc tase  i s  
however compa t ib le  w i t h  e i t h e r  5- o r  6 -coo rd ina t i on  a l though  so f a r  no l i g a n d  

second and t h i r d  p o s s i b i l i t i e s  ment ioned above shou ld  n o t  be r u l e d  ou t .  

F430 i s  b e g i n n i n g  t o  make an appearance. 

i s  a d i -  

r u f f l i n g  more r e a d i l j 3 P h a n  F 

a t  room tempera&dPe i s  4-coord inate based on t h e  Ra&an r e s u l t s .  
t h a t  i s  4-coord inate has a Raman 

based on t h e  Raman l i n e  
Fo r  example, t h e  1534-cm- l i n e  o f  s 8 P - e x t r a c t e d  F i s  a t  1529 

f o r  t he  d iep imer .  T h i s  d i f f e r e n c e  i s  p robab ly  s o l e l y  the  r e t d ? t  o f  t h e  

Me thy l  reduc tase .  The na r row ing  o f  t h e  Raman l i n e s  o f  methy l  reduc tase  i s  

The uniqueness may be a 

I examined g i v e s  t h e  h i g h  f requenc ies  observed f o r  these Raman l i n e s .  Thus, t h e  

I A t  77 "K a f o r m  s i m i l a r  t o  t h e  aqueous 6-coord inate fo rm o f  s a l t - e x t r a c t e d  
A t  4 O K  t h e  N i  X-ray a b s o r p t i o n  edge i s  i 
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s i m i l a r  f o r .  m e t h y l  reduc tase  and s a l t - e x t r a c t e d  F ( 1 4 ) .  Thus, a t  4 O K  t h e  
s a l  t - e x t r a c t e d  F430 fo rm may predominate i n  t h e  p 8 8 e i n .  

Conclus ions 

The n i c k e l - t e t r a p y r r o l e  d e r i v a t i v e  i n  t h e  me thy l - reduc tase  enzyme r e s i d e s  i n  
a un ique p r o t e i n  env i ronment .  We have n o t  y e t  been a b l e  t o  f i n d  an e q u i v a l e n t  
s t r u c t u r e  f o r  F i n  s o l u t i o n  based on t h e  Raman spec t ra .  Never the less,  t h e  
Raman data s u g g d 8  t h a t  F i n  the  p r o t e i n  has a t  l e a s t  one a x i a l  l i g a n d  and 
occupies a s i t e  i n  t h e  p r 8 8 i n  w i t h  a l ow  degree o f  he te rogene i t y .  

The f r e e  f o r m  o f  F shows ev idence o f  r u f f l i n g  i n  t h a t  m u l t i p l e  forms a r e  
observed i n  t h e  l o w  tem$$Pature Raman spect rum and t h e  species cannot a l l  be 
a s c r i b e d  t o  a x i a l  l i g a n d  complexes. T h i s  low tempera tu re  behav io r  i s  a l s o  n o t e d  
f o r  t he  model n i c k e l - c o r p h i n o i d  i n  non -coo rd ina t i ng  s o l v e n t s  such as me thy lene  
c h l o r i d e  ( 5 ) .  On t h e  o t h e r  hand, s a l t - e x t r a c t e d  F shows no ev idence o f  
r u f f l i n g ,  b u t  d i s p l a y s  h i g h e r  a f f i n i t y  f o r  a x i a l  l?@nds than  t h e  d iep imer .  

I t  i s  t h o u g h t  t h a t  t h e  a x i a l  c o o r d i n a t i o n  s i t e s  o f  n i c k e l  may serve as a 
b i n d i n g  s i t e  f o r  methyl-S-CoM o r  perhaps t h e  me thy l  g roup  t h a t  i s  reduced t o  
methane i n  t h e  r e a c t i o n .  N i c k e l  c o r p h i n o i d s  a r e  known t o  have h i g h e r  a f f i n i t y  f o r  
a x i a l  l i g a n d s  t h a n  n i c k e l  p o r p h y r i n s  (15 )  and t h e  unusual a f f i n i t y  may p l a y  a 
r o l e  i n  methane c a t a l y s i s .  The n i c k e l  c o r p h i n o i d s  a l s o  e x h i b i t  d i f f e r e n t  
behav io r  i n  t h e  p h o t o l y s i s  o f  a x i a l  l i g a n d s  t h a n  t h e  n i c k e l  p o r p h y r i n s  (16) .  A 
N i ( 1 )  i n t e r m e d i a t e  may be i n v o l v e d  i n  t h e  r e d u c t i o n  o f  t h e  bound methy l  group t o  
methane ( 1 7 ) .  

proposed f o r  v i t a m i n  B (Co-corr in)  enzymes i n v o l v e d  i n  b i o l o g i c a l  methy l -  
t r a n s f e r  r e a c t i o n s  (18:?9). I n  these r e a c t i o n s  an a x i a l  Co-CH3 complex i s  known 
t o  be an i n t e r m e d i a t e .  E f f o r t s  t o  f u r t h e r  e l u c i d a t e  t h e  r o l e s  o f  a x i a l  l i g a t i o n  
and macrocyc le f l e x i b i l i t y  i n  t h e  c a t a l y t i c  p r o p e r t i e s  o f  F i n  me thy l  
reduc tase  a r e  c o n t i n u i n g  u s i n g  resonance Raman and transienf3Raman spec t roscop ic  
techniques.  

Macrocyc le f l e x i b i l i t y  may a l s o  p l a y  a r o l e  i n  methane c a t a l y s i s  as has been 
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C N  

1 2 

F i g .  1. S t r u c t u r e s  o f  F430 (1) and t h e  model n i c k e l - c o r p h i n o i d  d e r i v a t i v e  (2) 

LlBr EXTRACTED F430 
1556 

A 44 1.6 nm 

1280 1360 1440 1520 1600 1680 

FREQUENCY (cm-') 

F i g .  2. Resonance Raman spectrum o f  s a l t - e x t r a c t e d  F 
( t o p )  and a t  77 OK (bo t tom)  i n  aqueous 10 mM4@osphate b u f f e r .  

a t  room tempera ture  
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